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Abstract. The digital transformation has direct and indirect effects on the 
environment. Direct effects are caused by the production, use and disposal of 
information and communication technology (ICT) hardware. Indirect effects 
include the changes to patterns of production and consumption enabled by ICT 
in other domains. Studies of indirect environmental effects of ICT often focus 
on individual applications domains and their use cases, which implies that these 
studies cannot capture systemic effects of ICT adoption. We argue that 
interaction among ICT use cases is crucial to explain systemic environmental 
effects of ICT. In order to capture these interactions, we suggest focusing on 
ICT impacts on individual lifestyles, in particular time use, because (i) time is a 
limited resource for everyone, a fact which makes time budget constraints a 
central link among different activities and (ii) many ICT use cases relax time 
and space constraints of individuals, thus changing time allocation. With this 
approach, we take into account that individual lifestyles are a major determinant 
of the overall environmental impact and that ICT diffusion changes individual 
time-use patterns and therefore lifestyles. Based on these considerations, we 
propose a conceptual framework that describes the causal mechanisms between 
ICT use, time-use patterns and environmental impacts. 
 
Keywords: Information and communication technology, ICT, digitalization, 
indirect environmental impacts, environmental impact assessment, time-use 
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1 Introduction 
In September 2015, the United Nations adopted the Sustainable Development Goals, 
consisting of 17 goals to “end poverty, protect the planet, and ensure prosperity for 
all” [1, p. 1].  As of October 2017, 195 member states have become party to the Paris 
Agreement, which “aims to strengthen the global response to the threat of climate 
change” and to hold “the increase in the global average temperature to well below 
2 °C above pre-industrial levels” [2, p. 2]. A recent report about the status of the 2 °C 
target shows that the “gap between the reductions needed and the national pledges 
made in Paris is alarmingly high” [3, p. xiv], showing the need for further action. 
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The development of digital electronics has led to a convergence among 
technologies to store, transmit and process information. This process has far-reaching 
consequences for our patterns of production and consumption [4]. In recent years, 
“many and diverse domains of social life“ increasingly structure “around digital 
communication and media infrastructures“ – a process called “digitalization” [5, p. 1].  
Digitalization impacts greenhouse gas (GHG) emissions in two ways:  
− On the one side, an increasing amount of ICT hardware is produced, powered with 
electricity while being used, and finally disposed of – a system of processes which 
requires resources and causes emissions to the environment (direct effects).  
− On the other side, ICT has influence on patterns of production and consumption, 
with manifold consequences (indirect effects). For example, ICT allows us to 
work from home and have virtual meetings; thus, avoiding travel-related GHG 
emissions.  
Many studies have been conducted to quantify both direct and indirect effects. 
Most of these studies conclude that indirect effects are desirable for environmental 
protection (e.g., reducing GHG emissions) and clearly larger than direct effects (e.g., 
leading to a significant total reduction of GHG emissions) [6, 7]. For example, the 
Global e-Sustainability Initiative (GeSI), the ICT industry’s association for 
sustainability, claims that, on a global scale, ICT applications could avoid up to 20% 
of annual GHG emissions in 2030 (indirect effect), while the ICT sector will cause 
roughly 2% of global GHG emissions (direct effect) [6].  
To assess the indirect environmental impact of ICT, most studies estimate the 
environmental consequences of individual ICT use cases (e.g. e-health or e-learning) 
or the overarching effect of ICT. However, for the latter, the overarching effect of 
ICT is often assessed by estimating the aggregated impact of several individual use 
cases. Such assessments face several methodological challenges, such as defining the 
baseline, estimating the environmental impact, predicting the future adoption of use 
cases, estimating rebound effects, or extrapolating from the single use case to society-
wide impacts [8]. Beyond, the assessment of one or more individual use cases often 
neglects one crucial phenomenon: interaction among use cases. For example, while a 
study on telecommuting may show that working from home can avoid work-related 
trips (and thereby save travel-related GHG emissions), it does not capture how 
telecommuting in combination with other use cases such as e-commerce, e-health or 
e-learning might more fundamentally change individual lifestyles. Such changes may 
only be seen from a more systemic perspective. 
Analyzing lifestyles from a time-use perspective can provide a more 
comprehensive understanding about the indirect environmental impact of ICT 
including the interaction among use cases because (i) individual lifestyles (how do 
people spend their time) are a major determinant of environmental impacts, (ii) time 
is naturally limited and thereby provides a natural constraint to behavior and (iii) most 
ICT use cases impact individual time use (e.g. e-work, e-health, e-learning, traffic 
control and optimization reduce travel time). Only few time-use studies in the field of 
indirect environmental effects of ICT exist. Hence, there is significant potential to 
3 
improve the understanding of indirect environmental effects of ICT by taking a time-
use perspective. 
In this paper, we first introduce approaches to assess indirect environmental effects 
of ICT, discuss the challenge to capture interaction in such assessments, and propose 
the time-use approach as a promising approach to overcome this challenge. As a first 
step towards an assessment methodology based on this approach, we introduce a 
conceptual framework for the interconnection between ICT use, time-use patterns and 
environmental impact. 
2 Assessment of indirect environmental effects of ICT 
To assess the environmental impacts of ICT, researchers conduct environmental 
impact assessments (EIAs). The International Association for Impact Assessment 
states that “Impact assessment, simply defined, is the process of identifying the […] 
consequences of a current or proposed action” [9, p. 1]. The Convention on Biological 
Diversity states that an “Environmental Impact Assessment […] is a process of 
evaluating the likely environmental impacts of a proposed project or development, 
taking into account inter-related socio-economic, cultural and human-health impacts, 
both beneficial and adverse” [10, p. 1]. According to the European Commission, 
“Environmental assessment can be undertaken for individual projects, such as a dam, 
motorway, airport or factory […] or for public plans or programmes […].” [11, p. 1]. 
The target of EIAs is to inform decision makers or the general public about the 
environmental consequences of certain actions [11]. Beyond, EIAs aim at proposing 
measures to decision-makers to mitigate unfavorable and promote favorable 
environmental consequences.  
Based on these definitions, we can define the “assessment of indirect 
environmental effects of ICT” as the process of identifying the future environmental 
consequences of an ICT solution’s capacity to change existing production and 
consumption patterns, taking into account interrelated socio-economic, cultural and 
human-health impacts, both beneficial and adverse, with the aim of informing 
decision-makers or the general public and mitigate unfavorable or promote favorable 
environmental consequences. Example applications are the change of the design of an 
ICT solution (e.g. a real-time public transport information system) or the development 
of a policy for ICT solutions (e.g. about the use of public parking space by carsharing 
system providers). Such assessments often focus on the promotion of favorable 
environmental consequences, for example focusing on greenhouse gas abatement 
potential (the potential to reduce greenhouse gas emissions, e.g. by replacing physical 
travel with video conferencing). Most assessments estimate the environmental 
consequences of ICT use cases in specific domains (e.g. e-health, e-learning). 
Estimations of the overarching effect of ICT often just aggregate the impact of 
individual use cases. In its “SMARTer 2030” study, GeSI, for example, estimates the 
global GHG abatement potential of ICT by estimating the GHG abatement potential 
for 12 individual use cases [6]. In their assessments, researchers apply a variety of 
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assessment methods such as system dynamics [12], agent-based modeling [13], the 
ICT enablement method [4, 6, 8, 14] or life-cycle assessment [15]. 
3 Interaction among ICT use cases 
EIAs involve many methodological challenges such as selection of ICT use cases, 
allocation of impacts to ICT, definition of the baseline, prediction of the future 
adoption of use cases, estimating rebound effects, and extrapolating from use cases to 
society-wide impacts [8]. In this study, we focus specifically on one challenge, which 
is the interaction among use cases. 
The “SMARTer” studies by GeSI have been very influential in the area of GHG 
abatement potentials of ICT [6, 16, 17]. The most recent study, “SMARTer 2030”, 
finds that by 2030 ICT will have the potential to avoid 20% of global GHG emissions, 
compared to a baseline scenario assuming no further adoption of ICT solutions [6]. 
To attain this result, GeSI selected twelve ICT use cases and assessed the GHG 
abatement potential for each use cases individually (see Fig. 1).  
GeSI avoided double counting of GHG abatement potentials between the baseline 
and use cases and among use cases by deducting GHG abatement potentials which 
have been considered twice (e.g. the use case e-work avoids travel-related transport, 
which is part of the total passenger transport volume assumed as a baseline for the use 
case traffic control and optimization).  
However, another form of interaction among use cases has not been considered: If 
we assume that adoption of all use cases in the “SMARTer 2030” study would 
achieve 100%, this would imply that by 2030 we would work from home (e-work), 
shop from home (e-commerce), learn from home (e-learning), bank from home (e-
banking) and see the doctor from home (e-health). Not only would such a 
development result in relatively reclusive lifestyles, which does not seem very 
plausible, it also contradicts recent observations on the development of passenger 
transport demand, which, even in Europe, is still increasing [18].   
By aggregating the GHG abatement potential of individual use cases, GeSI makes 
the implicit assumption that each use case affects a closed system which does not 
interact with other “use case systems”. However, use cases do interact, as the 
following example will illustrate.  
A single man works at a company which just introduced telecommuting and 
decides to work from home on Friday. As dinnertime is approaching, he drives with 
his car to the next supermarket to buy groceries. Before the introduction of 
telecommuting, he usually bought the groceries on his way home from work. Hence, 
telecommuting avoided a work-related trip but induced a shopping-related trip. 
However, assuming that grocery-home-delivery is offered in his area, he could also 
have avoided the shopping-related-trip. This is, however, not granted because he may 
still prefer to go out. This example shows how e-work without and with e-commerce 
can lead to different outcomes in terms of passenger transport. In general, this means 
that use cases are not independent systems but interact with each other because ICTs 
have “diverse and complex impact patterns”, “exceptional dynamics of innovation 
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and diffusion” and “cross-sector application” [19, p. 1], or in other words: systemic 
effects. Increasing diffusion of ICT leads to more complex systemic effects, a trend 
which implies that there will be a growing error if one tries to predict the overall 
effect by simply aggregating individual ICT use cases. Selected use cases may 
fundamentally change our patterns of production and consumption, leading to 
collateral impacts on other use cases. Therefore, in order to estimate the overall, 
systemic indirect environmental effect of a given set of ICT solutions, one should take 
a whole-system approach considering the interaction between use cases. 
 
 
Fig. 1. Share of total GHG abatement potential in 2030 by use case [6]. 
4 The time-use approach for the assessment of indirect 
environmental effects of ICT 
Applying a whole-system approach can be challenging as ICT solutions have various 
immediate and remote effects on different sectors and aspects of life. Trying to 
include several use cases along with their interdependencies in one assessment 
increases the number of entities and relationships to be considered extensively. Such a 
complex system will have too many unknown parameters and therefore too many 
degrees of freedom. In order to reduce the complexity, we propose a change of 
perspective by focusing on time use.  
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4.1 The time-use approach 
A promising approach to consider the interactions among use cases and keeping 
complexity at a reasonable level is the time-use approach. Instead of analyzing energy 
or material flows, the time-use approach primarily focusses on individual lifestyles, 
i.e. the allocation of time of individuals – as members of private households – to 
everyday activities [20]. Used as a perspective to understand indirect environmental 
effects of ICT, the time-use approach emphasizes the impacts of ICT on patterns of 
consumption (How do individuals spend their time?) and the environmental 
consequences. 
In field studies collecting time-use data, individuals usually keep diaries about their 
daily activities. A large collection of multinational time-use data for various 
timeframes has been collected and standardized by the Centre for Time Use Research 
at the University of Oxford since the mid 1980s [21]. To assess the environmental 
impact of lifestyles, time-use data is commonly linked with data on household 
expenditure, energy consumption of households, life cycle inventory (LCI) data1 and 
environmentally extended economic input-output tables2 [24–27]. 
4.2 Assessments of indirect environmental effects of ICT with a time-use 
approach 
The assessment of indirect environmental effects of ICT can benefit from the time-use 
approach for two reasons: (i) individual lifestyles are the place where the decisions 
are made that – via a shorter or longer causal chains – lead to major environmental 
impacts, and (ii) ICT influences lifestyles by “softening” time and space constraints 
on activities, thus allowing for changes in individual time allocation [20, 28].  
What makes the time use an attractive perspective for systems modelling is that 
time is naturally limited, as every individual, rich and poor, has the same amount of 
time available (24 hours on any given day), in contrast to financial budget, which is 
unevenly distributed across individuals [29]. First, this makes it easier to compare 
different lifestyles, and second, it forces the researcher to analyze how changes in 
time allocation to one activity are compensated with changes in time allocation to 
other activities. For example, if the researcher finds that telecommuting saves 20 
minutes of commuting time per day on average, he or she must also answer the 
question how the saved time is spent. If we add further ICT use cases to the 
assessment, they again change the rules of the game in which all activities compete 
for the same, naturally limited resource – time – with each other. ICT use cases may 
also add to the list of potential activities themselves: think of computer gaming.  
                                                           
1  Life cycle inventory data is data describing all exchanges (e.g. energy) from and to a 
technosphere of a product throughout the whole product life cycle. LCI data is used for life 
cycle assessments and provided by LCI databases, such as ecoinvent [22] 
2  An environmentally extended input-output table “depicts the economic transactions between 
the different sectors and the final demand of a country […] extended with data on the 
pollutant emissions and resource uses of the individual economic sectors and the final 
demand” [23, p. 1]. 
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To resume our example from above: When including telecommuting and e-
commerce in one assessment, we have to explain how much time individuals save 
through telecommuting, how much time they save through e-commerce, and how they 
spend the time saved. The time-use perspective forces us to consider 
interdependencies between use cases because of the hard 24-hour time budget 
constraint.   
Many ICT use cases discussed in literature have an impact on individual time use. 
Table 1 provides an overview of the use cases discussed in the “SMARTer 2030” 
report and their impact on individual time use (detailed information on the 
“mechanics” of the use cases can be found in the appendix of the report [6]). 7 out of 
12 ICT use cases have an immediate impact on time use and the activities performed 
by individuals, emphasizing that time is a relevant phenomenon to understand ICT 
impacts. While 5 out of 12 ICT use cases do not immediately impact individual time 
use, they change the environmental impact of activities performed by individuals. 
Smart agriculture, for example, changes the production of agricultural goods, thereby 
changing the environmental burden associated with the activity eating; smart energy 
changes the integration of renewable energies into the electricity grid and thereby the 
environmental burden associated with all electricity consuming activities. 
Table 1. ICT use cases (based on the “SMARTer 2030” report [6]) and their impact on 
individual time use. 
Use Case Impact on time use of individuals 
Connected Private Transportation Reduces travel time through additional transport  
services (e.g. car or ride sharing) 
E-Banking Reduces travel time for banking 
E-Commerce Reduces travel time for shopping 
E-Health Reduces travel time for health services 
E-Learning Reduces travel time for learning 
E-Work Reduces travel time for commuting or business trips 
Smart Agriculture No impact on individual time use 
Smart Building No impact on individual time use 
Smart Energy No impact on individual time use 
Smart Logistics No impact on individual time use 
Smart Manufacturing No impact on individual time use 
Traffic Control and Optimization Reduces travel time through more efficient routes 
 
Also, time-use data “is a very good anchor for linking other models or information 
from other data sources” such as location, interaction, expenditure or environmental 
data [24, p. 823]. By analyzing individual time allocation, we can understand human 
behavior and decision making in a social context as well as its environmental 
implications [24]. Finally, time use does not change as fast as other elements of 
society and provides a solid fundament for analysis and action [20]. 
8 
To date, only few researchers have been applying a time-use approach to assess 
indirect environmental effects of ICT. 
Lenz and Nobis [30] conduct an empirical study about the impact of ICT on 
fragmentation of activities and travel time using cluster analysis. Fragmentation, as 
introduced by Couclelis, means the interruption of one activity by another and the 
subsequent continuation of the former. ICT specifically enables spatial fragmentation 
(activities can be carried out at different locations), temporal fragmentation (formerly 
uninterrupted activities are now broken up into pieces which are performed at 
different times) and fragmentation of the manner of activities (linkage of activities is 
broken up, e.g. shopping does not require physical trips anymore) [30, 31]. 
Wang and Law [32] conduct an empirical study using a structural equation model 
to analyze the impact of ICT use on travel behavior in Hong Kong. They find that the 
use of ICT leads to more trips and increases the time spent for travel.  
Røpke and Christensen [28] use qualitative interviews to show that ICT use leads 
to a “softening” of time and space constraints of activities and increases the 
complexity of activities (e.g. simultaneous activities). In that sense, ICT can make 
activities more energy intensive as it diversifies practices, in particular through 
multitasking and activation of “dead time”.  
Hilty et. al. [12] apply System Dynamics to simulate scenarios of the impact of 
ICT on environmental sustainability within the time horizon 2000-2020. The sub-
model for passenger transport applies a time-use approach to model the individual 
choice of different transportation means. In principle, individuals consider the time 
efficiency3 and the prices of different traffic modes (whereby virtual mobility was 
added as an additional mode to the conventional, physical traffic modes) to choose the 
optimum mode. If the time efficiency of a mode changes, e.g. congestion slows down 
individual car traffic or the option to do some work while traveling in public transport 
saves travel time, the optimum can change, and the modal split will adapt with some 
inertia in a way that respects the given time budget constraint [12]. The study finds 
that ICT has an increasing effect on total passenger transport (in passenger-
kilometers, all physical modes added up) due to two main effects: intelligent transport 
systems making several physical modes more efficient and “the time utilization effect 
of mobile ICT applications”. Both effects “contribute significantly to passenger 
transport growth by creating a time rebound effect” [33, p. 1626]. 
The results of these studies support the notion that a time-use approach is useful for 
a holistic assessment of indirect environmental effects of ICT. 
                                                           
3  Time efficiency in the model by Hilty et. al. (2004) refers to the amount of people a 
transport mode can transport over a specific distance in a specific period of time (person-
kilometers/hour). In case passengers can use traveling time for other purposes (e.g. working 
on a laptop in a train) this utilized time is deducted from the travel time. In many cases the 
time utilization potential of transport modes increases through ICT (e.g. in self-driving cars). 
9 
5 Towards a framework of indirect environmental effects of 
ICT and individual time use 
Building on evidence that ICT impacts time use and that a time-use approach is a 
promising perspective to assess indirect environmental effects of ICT, we will 
develop a first conceptual framework. 
One of the largest shares of environmental impacts is caused by construction, use 
and maintenance of infrastructures (e.g. buildings, streets; other major sectors with 
environmental impacts include agriculture and manufacturing [34]). Therefore, a 
strong link between individual lifestyles and environmental impacts is the use of 
infrastructures. At the same time, many existing and upcoming ICT use cases change 
individual time-use patterns and thereby also the utilization of existing infrastructures. 
For example, telecommuting avoids physical commuting trips, directly lowering 
utilization of transport infrastructure and office buildings. Vice versa, as individuals 
share infrastructures with other individuals, utilization of infrastructures also affects 
individual time-use patterns. For example, individuals rather prefer a public transport 
mode if there are “not many people on the vehicle” [35, p. 483]. In that case, a low 
utilization of transport infrastructure increases the probability of individuals choosing 
the respective transport mode; that is, the utilization impacts the time-use patterns. 
But if utilization drops too low, the frequency of supply may be reduced and demand 
will further sink due to lower time efficiency. In addition, there are direct links 
between ICT use and infrastructure utilization, such as intelligent transport systems 
that directly increase the time efficiency of the transport process. In figure 2, we 
provide an overview of the causal relationships between ICT use, time-use patterns, 
infrastructure utilization and environmental impacts. 
 
 
Fig. 2. Causal relationships between ICT use, time-use patterns, infrastructure utilization and 
environmental impact.  
We will illustrate the framework with one concrete example. Bill, an office worker 
who usually works from the employer’s office five days per weeks uses transport 
infrastructure for his commute, office infrastructure during work and his residential 
infrastructure during leisure time. Once his employer introduced telecommuting, Bill 
decides to work from home two days per week, which substantially changes his time 
allocation, his use of transport, office and residential infrastructure and the associated 
environmental impact caused by electricity and fuel consumption. On days when he 
expects the office to be too crowded for focused work, or when he expects significant 
delays in public transport because of an international event in the city he also decides 
changes causes
ICT use Time use patterns Infrastructure utilization Environmental impact
affects
affects
affects
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to work from home – so the infrastructure utilization influences his time use. In the 
long-run, the office worker might even consider moving from the city to a suburb 
because telecommuting eliminated the need to live close to the employer’s office. At 
the same time, his employer decides to reduce his office space, which is now 
available for other businesses and might prevent the construction of additional office 
buildings and the associated environmental impacts. Taking a time-use perspective, 
we can explain the causal chain from ICT use to lifestyle changes as well as to 
changes in infrastructure utilization and environmental impact. 
6 Conclusion 
The ongoing digitalization of our daily lives has significant indirect environmental 
consequences. It mainly depends on these indirect effects whether digitalization will 
foster or hinder the achievement of global environmental targets. Assessments of 
indirect environmental effects try to capture these phenomena in order to understand 
the causal mechanisms behind and develop measures to mitigate unfavorable or 
promote favorable environmental consequences of digitalization. Most of these 
assessments highlight the environmental impact of specific ICT use cases. In order to 
understand broader and long-term indirect effects of ICT adoption (such as rebound 
effects or lifestyle changes), one also has to consider how use cases interact and cause 
more fundamental, systemic changes to the existing patterns of production and 
consumption. By focusing on individual use cases, the prevailing assessment methods 
cannot assess systemic effects and therefore do not provide a reliable basis for the 
development of environmental policies with regard to digitalization. To capture 
systemic effects, we propose applying a time-use approach. Instead of analyzing 
energy or material flows, the time-use approach focusses on how individuals allocate 
their time to everyday activities (social practices), assuming that time allocation is the 
key element of individual lifestyle. The time-use approach is suitable for assessing 
indirect environmental effects of ICT because (i) individual lifestyles are a major 
determinant of environmental impacts, (ii) time is naturally limited and thereby 
provides a natural constraint to behavior, and (iii) most ICT use cases impact 
individual time use. Also, the time-use perspective allows to assess interaction among 
ICT use cases in a natural way, as ICT changes fundamental constraints of activities 
(e.g. e-work allows working from home instead of the employer’s office), while all 
activities compete with each other for the same limited resource – time. Studies 
assessing indirect environmental effects of ICT with a time-use approach are still 
scarce. Paying more attention to lifestyles, in particular time use, may add a valuable 
source of insight to impact assessment methodology and thus may help to develop 
technologies and policies to reach global environmental targets. 
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